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22 ABSTRACT: The state of probe DNA on the biosensing interface greatly affect the detection
24 performance of electrochemical DNA biosensors. Herein, we constructed a target-induced hairpin-
26 mediated biosensing interface to study the effect of probe DNA on the analytical performance of
28 adenosine triphosphate aptamer (ATPA) and adenosine triphosphate (ATP) detection. Moreover,
30 we also explored the electrochemical contribution of co-existed hairpin and double-strand DNA
32 (dsDNA) on this sensing interface. Experimental results suggested that the molecular recognition
34 ability and detection performance of biosensing interface were majorly dependent on the surface
density of methylene blue (MB)-labelled probe hairpin DNA and partly affect by the spatial state of
the formed dsDNA. When the surface density of hairpin DNA was moderate (5.72 pmol-cm?), this
sensing interface determine as low as 0.74 fM ATPA and 5.04 pM ATP with high selectivity and
excellent regeneration, respectively. Furthermore, we calculated that the formed dsDNA had 31.87%
contribution in total electrochemical signal for 10 pM ATPA detection. Based on above results, we

designed a XOR logic gate based on the biosensing interface for ATPA and ATP detection.

49 KEYWORDS: biosensing interface, electrochemical biosensor, aptamer, adenosine triphosphate,

51 logic gate.
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INTRODUCTION

Electrochemical DNA biosensors!-3 have many advantages included excellent sensitivity, high
selectivity, low cost, and good portability, stability, and reproducibility>!3, which are promising
tools for quantitative detection of disease-related biomolecules!#!6, environmental pollutants'?!8,
pathogenic microorganisms'® 20 and tumor cells?!-?*. As we know, the detection performance of
electrochemical DNA biosensors greatly depends on the length!®: 25, composition?®, surface
density?”? and spatial state’932 of probe DNA. Generally, high surface density often brings
excellent molecular recognition ability on a biointerface. However, it often limits the analytical
performance due to the poor hybridization efficiency'® 28. An exciting finding is the favorable
spatial arrangement of probe DNA with suitable surface density can brings a satisfactory analytical
performance on a biosensing interface3? 34, Therefore, many groups have devoted to exploring better
analytical performance by regulating interface state of probe DNA. For example, Gu et al. reported
that the interfacial interaction and molecular recognition were dependent on the spatial organization
of probe DNA, which was regulated by the probe surface density32. Lin et al. also reported that the
hybridization efficiency was interrelated with the surface density of probe DNA by tuning the size
of tetrahedral DNA nanostructures (TDNs) 34, Though many advances of biosensing interfaces were
achieved, it is still a challenge to construct an ideal biosensing interface with high analytical
performance.

Since the stem-loop DNA structure (also called hairpin structure) was introduced into the
construction of an electrochemical DNA sensor by Fan et al., it has attracted great increasing
research interests in electrochemical sensors®®. A popular method is labelled a redox reporter on the
hairpin structure to monitor the molecular recognition process and analytical performance. Many
groups also used redox reporter-labelled hairpin structures to investigate the influences factors of
electrochemical responses®-37. For instance, Plaxco and co-workers systematically studied the
effect of probe density and target length of molecular beacon on signal responses of the
electrochemical DNA sensor®®. They pointed out that the redox reporter closed to electrode surface
and generated electrochemical signal. Recently, the same group reported that the electron transfer
was dependent on the distance between the electrochemical indicator bound double-stranded DNA
(dsDNA) and electrode surface, which obeyed a contact-mediated mechanism?!. As we know, this

distance is also influenced by neighboring probe DNA and captures biomarkers. For hairpin-
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mediated biointerface, the opened hairpin DNA and the formed double-strand DNA (dsDNA) were
adjusted by the addition of target DNA concentration, making them coexist on the biointerface.
Therefore, redox reporter labelled on both hairpin DNA and the formed dsDNA generate
electrochemical signals. An interesting question is emerging, what about the electrochemical
contribution of coexisted hairpin DNA and dsDNA and analytical performance of this biosensing
interface?

In response, we designed a target-induced hairpin-mediated biointerface to characterize its
analytical performance and study the electrochemical contribution of different interface components.
As shown in Scheme 1, hairpin DNA labelled with methylene blue (MB) was assembled on gold
electrode surface. At first, only hairpin DNA was assembled on gold electrode surface, suggesting
that the electrochemical reaction was a typical surface-controlled process (Fig. S1). Then, the
designed hairpin DNA was opened and dsDNA was formed after adding adenosine triphosphate
aptamer (ATPA). The amount of dsDNA increased with the increasing ATPA concentration. Finally,
all hairpin DNA structures switched to dsDNA. At this moment, it gradually turned to diffusion-
limited reaction. When hairpin DNA and dsDNA simultaneously existed on electrode surface, the
formed dsDNA was easily influenced by the neighboring hairpin probe and generated a tilting angle
between upright dSDNA and electrode surface because of the steric effect of hairpin DNA and the
flexibility of dsDNA. As a result, the distance between electrochemical indicator (MB) and the
electrode surface changed with the content of hairpin and dsDNA, which can affect electrochemical
signal. In other words, the MB-labelled dsDNA also contributed electrochemical responses, which
greatly depended on the state of the remaining hairpin DNA and the formed dsDNA on the
biosensing interface. In contrast, dsSDNA could switch back to hairpin structure with the addition of
ATP because aptamer can specifically recognize ATP. Therefore, we can efficiently analyze ATPA
and ATP according to the configuration change. We also can regulate the ratio of dsDNA and

hairpin DNA on the sensing interface to study their electrochemical contribution.

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

) o B - {&F“’Ef.‘* iFT

& ~Q iy ST A,
SFyf ¥ 8 T v
- -
=\
g

® ME SN\ ATPA ¥ Arp
Scheme 1. Schematic of target-induced hairpin-mediated sensing interface for ATP aptamer (ATPA)
and ATP analysis. The hairpin DNA was opened to dsDNA with the addition of ATPA. A titling
angle (o) was obtained from dsDNA and electrode surface due to the steric effect of hairpin DNA
and the flexibility of dsDNA. After adding ATP, ATPA preferentially reacted with ATP and
released from dsDNA. The left probe DNA switched back to hairpin DNA with the help of Mg?".
EXPERIMENTAL SECTION
Reagents. All the information of reagents were listed in supporting information.
Preparation of Hairpin-Mediated Sensing Interface. A classical cleaning method was used to
treat gold electrode®. After cleaning, hairpin/Au electrode was obtained by incubating MB-labelled
hairpin DNA solution onto the cleaned gold electrode at 37°C overnight. After washing the unbound
hairpin DNA, 6-mercaptohexanol (MCH) blocked the remaining active spots of hairpin/Au
electrode at 37°C for 1 h. Finally, ATPA or ATP detection performance and electrochemical
contribution of dsDNA were studied at the MCH/hairpin/Au.
Dynamic Study of Probe Surface Density. Different concentrations (5 uM, 1 uM and 0.1 uM) of
MB-labelled hairpin DNA were immobilized on electrode surface to obtain high, moderate and low
probe surface density. The dynamic study of surface density was studied by reacting different ATPA
concentrations (1 fM-100 nM) at hairpin/Au sensing interface. The addition of ATPA
simultaneously decreased the hairpin DNA surface density and increased the amounts of dsDNA.

RESULTS AND DISCUSSIONS
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The Feasibility of Target-Induced Hairpin-Mediated Biosensing Interface

The feasibility of target-induced hairpin-mediated biosensing interface was tested by differential
pulse voltammetry (DPV), cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS). Fig. S2 showed the CV curves of different electrodes in [Fe(CN)s]*** solution. Obviously,
the peak currents of hairpin/Au (curve b) were smaller and the peak separation became larger than
those of bare Au (curve a), indicating that the successful immobilization of hairpin on electrode
surface. The peak currents of ATPA/hairpin/Au increased with the addition of ATPA (curve c),
suggesting that electron transfer was facilitated during the conversion from hairpin DNA to dsDNA.
In contrast, the addition of ATP made the peak currents of ATPA/hairpin/Au decrease (curve d),
which was ascribed to the formation of hairpin structure. The corresponding EIS were listed in Fig.
1A, which also supported this conclusion. The electron-transfer resistance of bare gold electrode
(curve a, R=222.6 Q) was much smaller than that of hairpin/Au electrode (curve b, R,=16995.7
Q), which was ascribed to the immobilization of hairpin DNA. With the addition of ATPA, the R,
decreased with the formation of dsDNA (curve ¢, R,=11896.1 Q). In contrast, the addition of ATP
leaded to the increment of the R (curve d, R,=14260.2 Q0). Obviously, the value of R was greatly
dependent on the surface density of hairpin DNA and the formed dsDNA. The DPV (Fig. 1B) results
of different electrodes also proved the successful construction of hairpin-mediated biosensing
interface. The peak currents of MB decreased with the addition of ATPA (curve b) and recovered
with ATP addition (curve c). We further used atomic force microscopy (AFM) to characterize the
change from hairpin DNA to dsDNA with the addition of ATPA. The length increased from 11+
0.4 nm to 8 0.2 nm with hairpin DNA switching to dsDNA, proving the successful construction
of target-induced biosensing interface (Fig. S3). All data suggested that hairpin DNA and dsDNA

assembled on sensing interface can be easily adjusted by the addition of ATPA and ATP.
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Figure 1. (A) The EIS characterization of (a) bare Au electrode, (b) hairpin/Au, (c)
ATPA/hairpin/Au and (d) ATP/ATPA/hairpin/Au. Inset: an analog circuit of the EIS. (B) The DPV
signals of (a) hairpin/Au, (b) ATPA/hairpin/Au and (c) ATP/ATPA/hairpin/Au.
Analytical Performance of the Sensing Interface

On the concept of sensing application, we tested the analytical performance of hairpin-mediated
sensing interface for the detection of ATPA and ATP. Fig. 2A showed that the DPV signals
suppressed with the increasing ATPA concentration ranging from 1 fM to 100 nM. Obviously, the
DPV responses reached a plateau when ATPA concentration was 100 nM. As a result, the signal
suppression rate (Al/Liitial, AI=Iapra-linitial) Was linear with the logarithm of 1 fM-10 nM ATPA
(Figure 2B). The corresponding equation was obtained as y=6.964x + 10.590 (R?=0.997) and the
detection limit was estimated as 0.74 fM. In contrast, the formed dsDNA can switch back to hairpin
DNA structure after the addition of ATP with Mg?*-assisted. The added ATP preferentially reacted
with ATPA due to the specific binding reaction and the left probe DNA formed hairpin structure
again®®, Therefore, the DPV signals increased with the addition of 10 pM-5 nM ATP (Figure 2C).
Similarly, the signal recovery rate (Al/Iatpa, AI=IaTp-IaTpa) Was linear with the logarithm of 10 pM-
5 nM ATP with a detection limit of 5.04 pM (Figure 2D). Besides excellent sensitivity, this sensing
interface also displayed extraordinary selectivity, which can efficiently distinguish single-based
mismatch DNA sequence (Fig. S4A) and CTP, GTP (Fig. S4B), respectively. Moreover, the
electrochemical signal only decreased 0.27% for ATPA detection after 5 times repeated use,

indicating that this biosensing interface also displayed excellent regeneration (Fig. S5).
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5
36 ranging from 0.01 nM-5 nM. (D) The corresponding signal recovery rate ((Al/Ixrpa)) changed with
37
38 ATP concentration.
39
40 Detection Dynamic Range of Probe Surface Density for APTA Detection
41
42 Surface density of probe DNA greatly affect the analytical performance of electrochemical
43
44 biosensors*!. Taking ATPA detection as an example, we selected three concentrations (0.1 uM, 1 uM
45
46 and 5 uM) of hairpin DNA assembled on gold electrode surface to study the effect of surface density on
47
48 the analytical performance. Obviously, the peak current and surface coverage of this sensing interface
49
50 changed with the concentrations of probe DNA (Fig. S6). As exhibited in Fig. 3A, the low concentration
51
52 of probe DNA (0.1 uM, 1.43 pmol-cm-2) led to a narrow linear range (1 fM-1 pM) and low peak currents.
53
54 As we know, low concentration of probe DNA assembled on gold electrode surface has enough space
55
56 for capturing target ATPA and litter steric hindrance from neighboring hairpin DNA. However, the
57
58 flexibility of dsSDNA made the formed dsDNA tilte on the gold electrode surface, which may hinder
59
60 target ATPA to react with the remaining hairpin DNA. At high hairpin DNA concentration (5 uM, 8.71
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pmol-cm?, Fig. 3C), higher electrochemical responses were observed. However, the analysis
performance (100 fM-10 nM) was worse than that obtained with moderate probe surface density.
Expectedly, the moderate surface density (1 uM, 5.72 pmol-cm2) of hairpin DNA exhibited wider linear
range (1 fM-10 nM, Fig. 3B). As we know, if the density of probe DNA is too dense, the hybridization
reaction will become difficult due to the electrostatic repulsive force between the negatively charge probe
DNA and target DNA. In addition, the steric hindrance also affects the hybridization reaction because it
occurs at the solid-liquid interface. Therefore, a suitable surface density of probe DNA can bring the

better detection performance.
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Figure 3. The dynamic study of hairpin DNA probe for ATPA detection with different DNA surface
density. (A) Low probe surface density (0.1 uM) for APTA detection. (B) Moderate probe surface
density (1 uM) for APTA detection. (C) High probe surface density (5 uM) for APTA detection.
Electrochemical Contribution of Coexisted Hairpin DNA and dsDNA on Sensing Interface
The designed sensing interface showed excellent analytical performance for ATPA and ATP
detection. One problem is that the contribution of the formed double-stranded DNA in
electrochemical signals during the ATPA detection. Therefore, we tested the effect of coexisted
hairpin DNA and dsDNA on the electrochemical responses. As published, hairpin DNA assembled
on sensing interface for target molecules detection has three stages: (1) only hairpin DNA, (2)

coexisted hairpin DNA and dsDNA, and (3) almost only dsDNA#%43, Up to now, most groups focus
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on studying the effect of stage 1 or stage 3 on the electrochemical responses. The intermediate state
of coexisted hairpin DNA and dsDNA was still not clear. Especially, the contribution of hairpin
DNA or dsDNA to electrochemical signal should be understood. It is well-known that the
electrochemical response of redox reporter-labelled hairpin DNA or dsDNA on sensing interface
was dependent on the distance between the electrochemical indicator and electrode surface, which
obeyed a contact-mediated mechanism3!. As a result, the coexisted hairpin DNA and dsDNA have
simultaneously contributed to the electrochemical signals, which greatly affect the analytical
performance for ATPA detection.

As illustrated in Scheme 1, the amount of hairpin DNA decreased and the number of dsDNA
increased with the addition of ATPA, resulting in the electrochemical signal of MB decreasing (Fig.
4A). Obviously, the ratio of hairpin DNA and dsDNA on sensing interface was easily regulated by
the addition of APTA concentration. Moreover, a tilting angle was obtained due to the flexibility of
dsDNA and the steric effect of hairpin DNA. At this moment, the peak current of sensing interface
was contributed by the remaining hairpin DNA (I’h4imin) and the formed dsDNA (Igspna). Therefore,
the equation of electrochemical response was listed as following:

IpNa = Inaimpin + IdspNa (1
It should be noted that the peak current of initial sensing interface (Inaimpin) Was fixed when probe
hairpin DNA was assembled on electrode surface. Therefore, we employed Iimin as a standard to
evaluate the peak current of intermediate state (Ipna). According to the previous works*? 44, the

calculation process was listed in Supporting Information. Finally, Ipxa/Inairpin can be expressed as:

1
Ipna T 020Dy !

Thairpin =T + T'lcosa (2)

Where I'}, ['; and I are the surface coverage of hairpin DNA, dsDNA and coexisted hairpin DNA

o

and dsDNA, respectively. a is the tilting angle between the formed dsDNA and gold electrode
surface. vis the scan rate. It should be pointed out that probe hairpin DNA didn’t fell off electrode

surface, so the surface coverage of sensing interface was almost no change (I'nairpin= coexise=1 111 2).

F ! . .
Therefore, — is the contribution of the remaining hairpin DNA (/pirpin) in total electrochemical

r
response (Ipna), and the ?2 is the contribution of the formed dsDNA (I4pna) in Ipna.

As exhibited in Fig. 4B, if the concentration of ATPA was 10 fM, the ratio of peak current

(Iona/Inairpin) Was almost no change when the scan rate was 0.05 V-s1-0.4 V-s'!. If the scan rate
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below 0.05 V/s, an obvious change of Ipna/Inairpin Was observed, suggesting that the formed MB-

labelled dsDNA also contributed to the electrochemical signal at very low scan rate3®. According to

r
the equation 2, the electrochemical response was dominated by the MB-labelled hairpin DNA (F]

=93.81%) and only 6.19% electrochemical response was contributed by the formed dsDNA. With
the ATPA concentration increasing, more dsDNA formed and less hairpin DNA left. At this state,
a linear relationship between Ipna/lhaipin and v'2 was listed in Fig. 3B, suggesting the
electrochemical reaction was diffusion-limited process. In another word, the electrochemical signal
was contributed by both MB-labelled hairpin DNA and MB-labelled dsSDNA. Based on equation 2,
the contribution of MB-labelled dsDNA increased to 31.87% when the ATPA concentration was 10
pM. Interestingly, the contribution of dsDNA decreased to 23.87% if we added 10 pM ATP into
this detection strategy (Fig. S7), suggesting dsDNA switched back to hairpin DNA again.

For further understanding the reaction process, we investigated the electron transfer kinetics of
different stages at sensing interface. According to Laviron theory,* the electron-transfer rate
constant (k) was 14.64 s'! when hairpin DNA was assembled on electrode surface (Fig. S1A, B).
When the ATPA concentration was 10 pM, a part of hairpin DNA was opened to form dsDNA. At
this moment, hairpin DNA and dsDNA coexisted at sensing interface, making the ks decrease to
3.43 57! (Fig. S1C, D). If ATP added into this detection strategy, dsDNA switched back to hairpin
structure. As a result, the k, increased to 10.90 s'! (Fig. S1E, F). Notably, the k; of this hairpin-
mediated sensing interface were larger than that of constructed by only dsDNA (2.25 s’!, Fig. S8).

The reason may be ascribed to the conversion efficiency of hairpin DNA to dsDNA isn’t 100%.

A —Initial Low concentration of ATPA 0.7
03 —Low concentration of ATPA 20 High concentration of ATPA
’ ——High concentration of ATPA 0.6 [
b7
30.2- 0.5 s
= £
0.4 aE
0.1
0.3
05 0.1 10

4 6 8
VIZ(sV2y12)
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pM (high concentration) ATPA, respectively, and (B) The relationship between peak current ratio

(Ipna/Inairpin) and the inverse square root of scan rate (v12).
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Construction of Logic Gate

Inspired by the remarkable detection performance of sensing interface with a moderate probe

surface density, we designed a XOR logic gate based on the coexisted hairpin DNA and dsDNA

oNOYTULT D WN =

9 sensing interface, where hairpin DNA for capturing ATPA and the formed dsDNA for binding ATP
1 (Fig. 5A). Herein, we used ATPA and ATP as the inputs and the change of electrochemical signal
13 (signal change%=(I-Iatpa-1)/IaTpa-1) as output signals, respectively. The output signals with
15 different inputs were shown in Fig. 5C. If added the same concentration of ATP and ATPA, the
17 electrochemical signal was almost no change. As a result, the output was “0”. The same output was
19 also obtained when no target molecules added. If added ATP or ATPA, an obvious peak current

2 change was observed (Fig. 5B). These results verified the XOR logic gate worked well.
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58 Figure 5. XOR logic gate was designed based on target-induced hairpin-mediated sensing interface.

60 (A) The schematic description of XOR logic gate construction and corresponding electrochemical
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results. (B) The electrochemical signal change of XOR logic gate for ATPA and ATP detection. (C)
The output signals were recorded with different inputs. If individually input ATPA or ATP, the
input was defined as “1”, otherwise was “0”. The concentration of ATPA-1 and ATPA-2 were 1
nM and 100 nM, respectively. The ATP concentration was 500 pM.
CONCLUSION

In this work, we designed a target-induced hairpin-mediated sensing interface to explore the
analytical performance and electrochemical contribution of hairpin DNA and dsDNA for the
detection of aptamer sequence and ATP. Obviously, the moderate probe surface density (5.72
pmol-cm?) led to better analytical performance. Moreover, the formed MB-labelled dsDNA also
contributed to the electrochemical signal, which was dependent on the interface state included probe
surface density and spatial arrangement. On the basis of above conclusion, a XOR logic gate was
constructed when hairpin DNA and dsDNA coexisted on the sensing interface. All experimental
data pave a way to understand the effect of interface state of redox-labeled DNA on analysis

performance. It also provides a method for the design of sensors/biosensors.

Supporting Information

The Supporting Information is available free of charge via the Internet at http://pubs.acs.org.

The calculation process of electrochemical contribution and electron-transfer rate constant, CVs
of different scan rate at sensing interface, CVs of different modified electrodes, AFM images of
hairpin DNA and dsDNA, selectivity and reproducibility of designed sensing interface, surface
coverage of different hairpin DNA concentration, peak current ratio (Ipxa/lnairpin) at different stage
of sensing interface and peak potential versus scan rate at sensing interface.
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